Western juniper has been actively invading sagebrush plant communities for about 130 yr. Western juniper canopy cover generally increases as western juniper invades sagebrush steppe communities and succession progresses toward a western juniper woodland. Our goal was to estimate the impact of juniper invasion and canopy increase on understory vegetation structure and productivity on 101 sites in northeastern California. The primary objectives of this study were to: (1) examine the influence of increasing western juniper canopy cover on the composition and productivity of understory vegetation; and (2) assess the effects of western juniper removal on understory vegetation. Sites in early, mid-, and late successional stages and sites on the same soils that had not been invaded were selected. Sites where western juniper had been removed by prescribed fire, mechanical, or chemical methods were compared to adjacent untreated sites. Western juniper canopy cover, understory cover and species composition, productivity, and bare ground were determined at each site during May through July 2005 and 2006. Regression analysis was used to evaluate the relationship between western juniper canopy cover and understory vegetation parameters. Logistic regression was used to detect understory differences between treated (juniper removed) and untreated (juniper not removed) sites. A significant relationship was found between western juniper canopy cover and understory species richness, shrub cover, forb cover, total grass cover, cheatgrass cover, herbaceous productivity, and bare ground. Removal of western juniper increased total grass cover, cheatgrass cover, and productivity, and reduced bare ground. The results of this study support findings by researchers in other states that western juniper influences plant community structure and productivity, and removal of western juniper might reverse these changes in structure, but also might increase opportunities for invasion of cheatgrass. Nomenclature: Western juniper, Juniperus occidentalis var. occidentalis Hook.; sagebrush, Artemisia tridentata Nutt.; cheatgrass (Bromus tectorum L.).
According to Miller et al. (2005) , in the past 130 yr, western juniper has expanded to approximately nine million acres in the northwestern United States (Figure 1 ). The increased densities and expansion of western juniper have been attributed to fire suppression, historic overgrazing, climate change, and atmospheric CO 2 (Belsky 1996; Miller et al. 2005) . Expansion of western juniper threatens to negatively impact water and nutrient cycles, reduce forage production, degrade wildlife habitat, and permanently alter the structure, composition, and diversity of plant communities. Because the influences of western juniper succession on understory vegetation has been the subject of only a few studies (Bunting et al. 1999; , the impacts of western juniper woodland development are not completely known.
Attempts to restore plant communities by removing western juniper have been successful and unsuccessful Rose and Eddleman 1994; Vaitkus and Eddleman 1987) . Western juniper removal is a disturbance that can make sites susceptible to invasion by exotic annual weeds Miller et al. 2005; Vaitkus and Eddleman 1987) .
It is often stated that the understory shrub and herbaceous layer declines as western juniper increases in dominance but only a few studies have evaluated this relationship . The primary objectives of this study were to: (1) examine the influence of increasing western juniper canopy cover on the composition and productivity of understory vegetation; and (2) assess the effects of western juniper removal on understory vegetation. The specific hypotheses were: (1) as western juniper canopy cover increases, species richness, cover, and productivity (biomass) of understory shrubs, grasses, and forbs will decline, and bare ground will increase; and (2) removal of western juniper generally increases species richness, understory plant cover, and productivity of shrubs and herbaceous vegetation, and reduces bare ground.
Materials and Methods
Study Area. The study area was located in Modoc, Lassen, and Siskiyou counties in northeastern California (Figure 2) . Western juniper woodland and sagebrush steppe rangelands found in these counties lie in the rain shadow of the Sierra Nevada and Southern Cascade Mountains. Western juniper typically occurs in this area between 700 and 2,300 m (3,000 to 7,550 ft) elevation (Hickman 1993) . The climate is semiarid and similar to that of the Intermountain Region, with cold winters and dry, hot summers, with most of the precipitation as snow during winter months and rain in spring and fall, although isolated thunderstorms are typical at higher elevations in the summer. Average annual precipitation of the study area is approximately 41 cm (16 in), average minimum temperature is about 0 C (32 F), and the average maximum temperature is about 16 C (61 F).
The soils in this study are highly variable in slope, surface rockiness, depth of the A and B horizon, elevation, and rainfall (Table 1) . Most of the soils in this study were loams that varied in rockiness. All were well-drained with slow to moderate permeability and slow to rapid runoff. Runoff typically only occurs during intense thunderstorms. All of the soils are igneous in origin and most are in the Argixeroll great soil group.
Big sagebrush (Artemisia tridentata Nutt.) is common in the understory of the study sites. Rubber rabbitbrush [Chrysothamnus nauseosus (Pallas ex Pursh) Britt.], green rabbitbrush [Chrysothamnus viscidiflorus (Hook.) Nutt.], bitterbrush (Purshia tridentata Pursh.), and wax currant (Ribes cereum Dougl.) also occurred on some sites. Low sage (Artemisia arbuscula Nutt.), snowberry (Symphoricarpos albus Blake), and serviceberry (Amelanchier alnifolia Nutt.) were found on several sites at higher elevations. The most frequent grass species encountered were Sandberg's bluegrass (Poa secunda Vasey), squirreltail (Elymus elymoides Swezey), Thurber's needlegrass (Achnatherum thurberiana Barkworth), Lemmon's needlegrass (Achnatherum lemmonii 
Interpretive Summary
The results of this study apply to 101 study sites spread across a large area in northeastern California. Most previous studies have relied on a limited number of study sites. Taken together, these studies provide strong evidence that the increases in western juniper canopy cover that occur during succession from initial invasion to closed woodland might reduce species richness and diversity; decrease forb, grass and shrub cover; depress productivity; and result in increased bare ground. Removal of western juniper by using chemicals, fire, or mechanical methods might reverse these changes in structure but might also increase opportunities for invasion of cheatgrass and medusahead on some sites. Consequently, control practices must be used with caution and applied to sites with the highest potential to increase perennial herbaceous species and desirable shrub canopy cover.
Barkworth), and Idaho Fescue (Festuca idahoensis Elmer). Cheatgrass was also present throughout the study area. Study sites were also occupied by a variety of perennial and annual forbs including buckwheat (Eriogonum spp. Michx.), fireweed (Epilobium spp. L.), lupine (Lupinus spp. L.), blue-eyed Mary (Collinsia spp. Nutt.), milkvetch (Astragalus spp. L.), pepperweed (Lepidium spp. L.), and slender phlox (Microsteris gracilis Greene).
Field Plots. Plots were selected and surveyed in May, June, and July of 2005 and 2006. The criteria used for plot selection were: (1) study sites were located on soil series common throughout northeastern California (Table 1) ; (2) study sites appeared to be representative of the plant communities associated with each soil series; (3) sites had different amounts of western juniper canopy cover; (4) opportunity to compare adjacent treated (juniper removed) and untreated sites (juniper not removed); and (5) plot locations had not been grazed. Juniper was removed from treated sites by various methods that included cutting with chainsaws or mechanical shears, using fire or chemicals, and in a few cases, combinations of these methods.
Vegetation data were collected on 101 circular field plots that were 45 m (150 ft) in diameter. Two perpendicular 50 m (150 ft) transects within each field plot were used to measure juniper canopy cover, shrub cover, herbaceous plant cover, and percent bare ground using the line-point intercept technique . Species richness, defined as the number of species present on each site, was calculated from the line-point data. Ten 0.18 m 2 (1.92 ft 2 ) plots were clipped to determine herbaceous production by weight. Herbaceous vegetation in each plot was clipped to approximately 1 cm (0.4 in) stubble height and oven-dried at 65 C (149 F) for about 3 d. Herbaceous species biomass was weighed and data were used to calculate herbaceous species composition (kg/ha [lb/ac]) on a relative weight basis. Productivity of up to four shrubs per plot was estimated following the methods of Dean et al. (1981) .
Analyses. Multivariate analysis was used to assess which understory variables are related to western juniper canopy cover. Robust regression analysis was used to determine which variables had a significant relationship with western juniper canopy cover. Differences in understory variables between treated and untreated groups were analyzed using logistic regression analysis. All analyses were performed using Number Cruncher Statistical Systems (NCSS) software (Hintze 2004) .
Results and Discussion
Western juniper canopy cover across all sites averaged 12% and ranged from 0 to 74%. Total understory cover was highly variable, but averaged about 61%. A significant relationship was found between western juniper canopy cover and species richness, understory cover and herbaceous productivity ( Table 2) . Removal of western juniper increased total grass cover, cheatgrass cover, and productivity, and reduced bare ground.
Species Richness. Regression analysis detected a significant negative relationship between western juniper canopy cover and species richness (Table 2, Figure 3 ). This is consistent with findings from other studies in Oregon and northern California where western juniper dominance reduced understory richness and diversity (Bates et al. 2000; Burkhardt and Tisdale 1969; Miller et al. 2000) . However, there are other instances where changes in species richness with western juniper succession were not detected (Bunting et al. 1999; Miller et al. 2000) . Miller et al. (2000) found that although western juniper dominance reduces understory diversity on some sites, the impacts of western juniper succession on species richness can depend on the plant association involved. Understory species richness and diversity are important because reductions in species can negatively impact ecosystem services (Bates et al. 2000; West 1993 ).
When western juniper was removed there was no significant change in species richness (Table 3) . Bates et al. (2000) found that herbaceous species diversity and richness increased in mountain big sagebrush-Thurber's needlegrass associations following cutting of western juniper. However, the authors noted that posttreatment plant composition was dictated by species composition prior to treatment. Additionally, herbaceous composition changes might not occur until several years after the western juniper canopy is removed. According to Bates et al. (2000) and Miller et al. (2005) the response of species richness and diversity to western juniper removal might be dependent on a number of factors, including site potential, pretreatment site floristics and composition of the seedbed, weather, type of treatment, time since treatment, and posttreatment management. (Table 2) . This is consistent with previous research (Bunting et al. 1999; Miller and Wigand 1994; Vaitkus and Eddleman 1991) , which confirm that reductions in shrub and herbaceous plant cover were associated with succession toward closed western juniper woodlands. Miller et al. (2000) reported a decline in mountain big sagebrush cover with increasing western juniper canopy cover, but could not show a significant relationship between western juniper canopy and herbaceous cover in mountain big sagebrush communities. Other authors (Arnold 1964; Tausch et al. 1981; Tausch and West 1995) reported that herbaceous vegetation decreased as a result of increasing tree canopy cover in other types of juniper woodlands. However, Miller et al. (2005) noted that few studies have evaluated the relationship between western juniper and herbaceous cover.
When western juniper was removed, total grass cover increased significantly but forb and shrub cover did not change significantly (Table 3) . Although Bates et al. (1998 Bates et al. ( , 2000 and Rose and Eddleman (1994) documented dramatic increases in plant cover and diversity following removal of western juniper, Bates et al. (2005) found no differences in total plant cover on cut vs. woodland plots, but they did find that plant cover and litter were more evenly distributed on sites where juniper had been cut.
Cheatgrass Cover. The trend for cheatgrass cover was slightly downward as western juniper increased (Figure 7 ), but this trend was not significant at P , 0.05 (Table 2) . However at P , 0.1, this relationship is significant, suggesting that cheatgrass increases might be expected with increasing western juniper dominance. Cheatgrass cover and total grass cover were higher on treated sites (juniper removed) than on untreated sites, but grass cover (excluding cheatgrass) decreased. This suggests that most of the grass cover increase was due to increased cheatgrass (Table 3) . Other studies have found that western juniper control was followed by increased cover of invasive annual grasses such as medusahead [Taeniatherum caput-medusae (L.) Nevski] and cheatgrass Vaitkus and Eddleman 1987) . Bates et al. (2005) found that cheatgrass became more prevalent and had supplanted Sandberg's bluegrass by the fifth year after western juniper removal. These results suggest that managers need to be careful about western juniper management. Research is needed to clarify the relationships between invasive species and juniper removal so that managers can predict the potential for invasion during vegetation management planning.
Site Productivity. Herbaceous productivity decreased significantly with increasing western juniper canopy cover (Figure 8 ). Although a similar pattern was observed with shrub productivity, the relationship between sagebrush production and western juniper canopy cover was not significant (Table 2 ). Numerous studies report that succession toward western juniper dominated communities causes reductions in understory productivity (Burkhardt and Tisdale 1976; Evans and Young 1985; Miller and Wigand 1994; Eddleman 1987, 1991) . Western juniper trees have shallow lateral roots that extend to areas well beyond the edge of the tree canopy, which enable them to compete with shrubs and herbaceous vegetation for nutrients and moisture in the interspaces (Tiedemann and Klemmedson 1995; Young et al. 1985) . In addition, allelopathic compounds produced by juniper trees might inhibit growth of understory plants (Horman and Anderson 2003) . Pieper (1990) discovered that pinyon-juniper canopy cover and total herbaceous biomass had a highly significant inverse relationship. Herbaceous productivity was significantly higher on sites where western juniper was removed (Table 3) . Mean sagebrush production was nearly 500 kg/ha (446 lb/ac) lower on treated sites than on untreated sites, and this difference was weakly significant at P , 0.1. In many cases, the primary goal of western juniper treatment was to increase site productivity, especially desirable forage and browse species. Several studies report that control of western juniper resulted in significant increases in total understory biomass (Bates et al. 2000; Rose and Eddleman 1994; Vaitkus and Eddleman 1991; Young et al. 1985) . However, an increase in total understory biomass doesn't always indicate improvements to the quantity and quality of desirable forage and browse species. Vaitkus and Eddleman (1987) found that although herbaceous production increased significantly after removal of western juniper, much of it was due to increased productivity of annual forbs.
The scientific community and natural resource managers are increasingly concerned about declining populations of avian species that inhabit sagebrush steppe ecosystems. Populations of the greater sage grouse (Centrocercus urophasianus) have been declining dramatically in recent decades (Braun 1998; Connelly and Braun 1997) . The greater sage grouse typically occupy open sagebrush plains; nesting under sagebrush plants; eating sagebrush, forbs, and insects; and using sagebrush and grass for cover. Therefore, if western juniper invasion into sagebrush steppe negatively impacts the understory, it could degrade sage grouse habitat and negatively impact sage grouse populations. If western juniper removal improves understory productivity it could prove useful for restoring sage grouse habitat.
Bare Ground. The relationship between bare ground in interspaces and western juniper dominance is of great importance, because, as reported by Bates et al. (2000) , Figure 6 . The relationship between western juniper canopy cover and grass cover. erosion rates are highest in the interspace zones of semiarid ecosystems (Wilcox and Breshears 1994) . Studies in Oregon have shown that sedimentation rates were higher and infiltration rates lower on western juniper sites when compared to other ecosystems in eastern Oregon (Buckhouse and Gaither 1982) . Additionally it was shown that infiltration rate decreased as bare ground increased (Gaither and Buckhouse 1983) . Bare ground is used as an indicator of rangeland health. Rangeland health is defined as ''the degree to which the integrity of the soil, vegetation, water, and air, as well as the ecological processes of the rangeland ecosystem, are balanced and sustained'' (SRM 1999) . Soil/site stability, hydrologic function, and integrity of the biotic community are the three interrelated attributes of rangeland ecosystems used to assess rangeland health (Pellant et al. 2005) . The relative amount of bare ground on a site greatly affects soil/ site stability and hydrologic function, and therefore provides an indication of the health of a western juniper rangeland ecosystem.
Findings from a study in Oregon and California suggested that there are no differences in percent bare ground in the interspaces between western juniper woodlands in the early stages of development and closed woodlands in the same study area . However, this same study showed that bare ground in the interspaces increased with increasing western juniper dominance in the Mountain big sagebrush-Thurber's needlegrass alliance. Another study from central Oregon found that higher amount of bare ground was related to presence of western juniper (Roberts and Jones 2000) . However, there was no significant relationship between western juniper canopy cover and percent bare ground in this study. This could be an artifact of the way that bare ground was measured. Miller et al. (2000) ) plots placed at increments along transects within study sites. Bates et al. (2000) separated plots into interspace and duff zones, and then estimated ground cover provided by trees, litter zones, and canopy cover of herbaceous plants along transects. Roberts and Jones (2000) simply separated plots into two categories based on the presence or absence of western juniper, and used a point-intersection method for measuring vegetative cover and bare ground. In this study, bare ground was measured by line-point intercept . With this technique, only points that are not protected by some form of vegetation or litter are recorded as bare ground. In stands that are approaching canopy closure, the dominant western juniper canopy might mask higher amounts of bare ground, even when understory vegetation is severely lacking. However, it is unclear whether or not the methods used in this study are the cause for the lack of a significant relationship between western juniper canopy cover and bare ground.
As with other variables, the amount of bare ground following treatment varies depending on the methods of western juniper removal and the amount of soil disturbance and/or compaction. The results of this study indicate that treated sites tend to have less bare ground than untreated sites (Table 3) . Bates et al. (2005) found that plant cover and litter were more evenly distributed on sites where western juniper had been cut, which implies that cutting of western juniper reduces bare ground. The fact that the treated sites in this study generally had less bare ground than untreated sites seems to imply that western juniper removal likely reduces soil erosion potential as well. This is significant from a management standpoint, because the relative amounts of bare ground, plant cover, and litter in an ecosystem can certainly affect not only soil erosion, but hydrologic processes and nutrient cycles as well. Ecological Thresholds. Miller et al. (2005) have separated western juniper woodland succession into three transitional phases: subordinate, codominant, and dominant. Although they have no quantitative data to identity thresholds (transitions from one state or plant community to another) between these phases, they postulate that juniper begins to control many community processes as western juniper shifts from codominant to dominant. Although the level of dependent variable scatter evident in Figures 3 through 8 might be the result of highly variable study site characteristics such as soil texture, soil depth, and water-holding capacity, the reduction in scatter at around 20% canopy cover suggests the possibility of an identifiable threshold occurring earlier than the shift from codominance to dominance. As state and transition models that describe vegetation dynamics are incorporated into ecological site descriptions by USDA-NRCS, there is increased interest in threshold recognition and prediction to enable rangeland managers to prevent the occurrence of undesirable states and to promote desirable states (Briske et al. 2006) .
